ABSTRACT
INTRODUCTION 14
In recent years, fine particulate matter ≤ 2.5 μm in diameter (PM2.5) has attracted increasing attention 15 because of its health risk and the high PM2.5 concentrations in some rapidly industrialising areas. [1, 2] 
16
Epidemiological studies have demonstrated a relationship between mortality and long-term exposure to 17 PM2.5 in ambient air. [3, 4] Many international organisations have assessed the health risks of exposure to 18 PM, and the European Union, United States, and World Health Organisation (WHO) established quality 19 standards for ambient air in 2005 [5] and 2006. [6, 7] In Japan, PM2.5 was added to the Japanese environmental 20 standards in September 2009. These hold that the annual average PM2.5 concentration should be less than sampled during on May 12-14, 2010 , November 19-21, 2012 , May 26-28, 2010 , July 11-13, 2012 November [17] [18] [19] 2010 , respectively. In all plants, samples were collected from the dust collector and stack 80 inlets to evaluate the proportion removed by the air pollution control devices (APCDs). Fig. 1 shows the 81 sampling points. Dust samples in SSI flue gas were collected isokinetically in nine particle size fractions 82 (from submicron to approximately 10 µm) using Andersen stack samplers (AS-500, Tokyo Dylec, Japan) 83 inserted into the flue gas ducts of five SSI plants. The sampling methods were based on Japanese Industrial 84 Standards (JIS) Z8808 and K0302. [26, 27] The representative particle size at each stage of the cascade 85 impactor is defined as the aerodynamic particle size at which 50% separation is achieved and was obtained 86 using the following equation In this formula, the mean free path of a gas molecule (λ) was obtained using equation (2) . 98 (2) 99 30%), using microbalances (M5P-F, Sartorius, USA, or XP26, METTLER TOLEDO, USA) at a sensitivity 117 of 1 μg. To determine the PM2.5 fraction exactly, the fraction up to a diameter of 2.5 μm was divided 118 linearly according to the upper and lower diameters defining the fraction. 119
120

RESULTS AND DISCUSSION 121
Dust concentration 122 Figure 3a shows mass distribution versus aerodynamic diameter at the inlet of the stack. In particular, 123 more than 90% of dust collected from the stacks of EP1 and EP2 consisted of particles under 3 μm. 124
Although 55-90% of the stack dusts from WEP and CF also tended to consist of particles under 3 μm, 125 some stack dust fractions from WEP and CF and most from BF were collected in only small amounts, and 126 their weight was negligible. Figure 3b shows mass distribution versus aerodynamic diameter at the inlet of 127 the dust collector. Of the dusts collected from the collectors of EP1, EP2, and WEP, 80-90% consisted of 128 particles under 10 μm. In contrast, 40-70% of dusts collected from the dust collectors of BF and CF tended 129 to consist of particles over 5 μm. Pretreatment of flue gases with a cyclone in some plants can account for 130 this differences in size distribution at the dust collector. The total dust and PM2.5 concentrations at the dust collector and stack inlets at each SSI plant are shown 137 in Figure 4 . The total dust and PM2.5 concentrations were <0.32-5,000 ± 670 and <0.14-4,800 ± 730 138 μg/Nm 3 (mean ± mean deviation), respectively, in the flue gas in the stacks. Ehrlich et al. and Tirler et al. 139 reported that the PM2.5 concentrations in German and Italian waste incineration plants were 752 and 32.9 140 µg/Nm 3 , respectively [10, 12] . Our results for plants WEP, BF, and CF were within the same or smaller range, 141 while the results for plants EP1 and EP2 were considerably larger. More than 55% of total dust in the stack 142 consisted of PM2.5. This result is similar to those reported by Ehrlich et al. [10] and Bounanno et al.. [11] The 143 PM2.5 concentration at the stack inlet of plant BF was less than the annual average Japanese environmental 144 standard (15 µg/m 3 ). Plant BF operated a state-of-the-art APCD, and the PM2.5 concentrations remained 145 less than 0.14 µg/Nm 3 . In contrast, the PM2.5 and total dust levels at plants EP1 and EP2 were considerably 146 higher than those at the other plants. Similar results were reported previously for municipal solid waste 147 incinerators [13, 14] . The respective total dust and PM2.5 concentrations in the dust collector inlet were 1.5 ± The results are shown in Table 3 . Plants EP+WEP, BF, and CF removed more than 99.99% of the PM2.5 168 and total dust, demonstrating that those dust collectors are effective for particle emission control. Most 169 importantly, BF was the best dust collector in terms of both the dust concentration in the stack inlet and 170 removal efficiency. The EP at plants EP1 and EP2 were the least efficient collectors. These findings are 171 similar to the results of studies of municipal solid waste incinerators [13, 14] , in which the PM2.5 removal 172 efficiency of BF was higher than that of EP. The European Environment Agency (EEA) reported that the 173 PM2.5 removal efficiency was 77-98% for industrial waste incineration, including hazardous waste and 174 sewage sludge with some APCDs.
[28] In 1996, a U.S. Environmental Protection Agency (US EPA) report 175 [29] suggested that advances in incineration and APCD technology have improved removal efficiency. 176
Replacing dry EP with BF would improve the PM2.5 removal in SSIs. 177 178 Table 3 Removal efficiency of total dust and PM2.5 by APCDs The resulting emission factors are shown in Table 4 . The PM2.5 emission factor for the SSI with EP 199 was 8.7 g/ton-sludge cake, whereas those for wet EP, BF or CF were less than 0.26 g/ton-sludge cake and 200 BF had the lowest value. The US EPA has set 0.18 kg/Mg-DS as the PM2.5 emission factor for a fluidised 201 bed incinerator for SSI with a scrubber; this equals 180 g/ton-DS or approximately 36 g/ton-sludge cake 202 based on an 80% water content.
[30] The EEA set 0.004 kg/Mg-waste (4 g/ton-waste) as the default PM2.5 203 emission factor for industrial waste incineration, including hazardous waste and sewage sludge.
[28]
204
Although the units and materials burned in these other studies differed, the results were similar to the 205 values set by the US EPA and EEA, and the values for WEP, BF, and CF were considerably smaller. 206 Therefore, advances in technology could improve the removal efficiency. The results of the survey of the number and incineration capacity of SSI plants with each type of dust 212 collector (EP, WEP, BF, and CF) are shown in Table 5 . This was based on a survey of SSI plants, to which 213 85 plants responded. The total incineration capacity was 9,950 ton/day, which is 48% of the total number 214 of plants and 39.3% of total plant capacity, for all of the SSI plants in Japan. The emission results are shown in Table 6 . These calculations are outlined in detail below. There were 229 92 plants with no available information on dust collector type. We assumed that all of these 92 plants were 230 equipped with EP, WEP, BF, or CF, representing cases I, II, III, and IV, respectively (in Table 5 ). The 231 amount of sewage sludge burnt annually in SSIs is 1.5 million tons-DS/year, or 68% of the 2.2 million 232 tons-DS/year produced annually; these amounts are on a dry weight basis. [15] It is possible that the PM2.5 233 emissions are underestimated. The total estimated emissions of PM2.5 from SSIs were 0.96-8.9 tons/year, 234 of which more than 75% was from SSIs equipped with EP. Sugiyama et al. estimated that the total PM2.5 235 emissions in 2000 in Japan were 252 kton, of which 49% was from mobile emission sources.
[32] Kannari 236 et al. estimated that anthropogenic PM2.5 emissions in 2000 in Japan equalled 147 Gg, of which 12% was 237 due to waste incineration and field burning.
[33] The PM2.5 emissions from SSIs in our study was less than 238 0.0035% of the total estimated by Sugiyama et al. and less than 0.006% that of Kannari et al., so the 239 contribution of SSIs to the total PM2.5 emissions is negligible. The emission results in our study could be 240 underestimated because of the difference in units between Ef (g/ton-sludge cake) and C (ton-DS/year), the 241 difference in the real amount of burnt sewage sludge, and incineration capacity. Because most of the PM2. 1.00E+01
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